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ABSTRACT 


Cascade tests were performed on models of the rotor blades of a 
high-deflection, axial-flow impulse turbine to determine the secondary 
flow losses. The tests were performed at the Rectilinear Cascade Test 
Facility of the Turbo-Propulsion Laboratories of the Department of Aero- 
nautics, Naval Postgraduate School. The results were compared with the 
predicted losses from various formulas that have been proposed in the 
technical literature. The comparison showed that most formulas predict 
a secondary loss that is about ten times as high as that determined in 
the present tests. Photographs were obtained of the boundary layer traces 
by the use of lamp black coating. These photographs show the effects of 


secondary flows on the performance of a cascade. 
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ABSTRACT 


Cascade tests were performed on models of the rotor blades of a 
high-deflection, axial-flow impulse turbine to determine the secondary 
flow losses. The tests were performed at the Rectilinear Cascade Test 
Facility of the Turbo-Propulsion Laboratories of the Department of Aero- 
nautics, Naval Postgraduate School. The results were compared with the 
predicted losses from various formulas that have been proposed in the 
technical literature. The comparison showed that most formulas predict 
a secondary loss that is about ten times as high as that determined in 
the present tests. Photographs were obtained of the boundary layer traces 
by the use of lamp black coating. These photographs show the effects of 


secondary flows on the performance of a cascade. 
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i. Tnitmeduct ion 

The necessity to produce large amounts of power in a turbine stage 
requires the use of low reaction blades with large gas deflections. The 
Rectilinear Cascade and the Transonic Turbine Test Rig located at the 
Turbo-Propulsion Laboratory of the Department of Aeronautics, Naval 
Postgraduate School, are being used to investigate the flow in such 
turbine states. Previous tests were conducted in the Rectilinear Cas- 
cade Test Facility to determine the profile losses of a turbine stage. [7] 
The cascade data were compared with the results obtained with an actual 
turbine in a rotating test rig. 

For the present study a rectilinear cascade was uSed to investi- 
gate the secondary flow phenomena in a rotor blade cascade. The rotor 
blades were tested at two different inlet angles. The tests were con- 
ducted at a Mach number of approximately 0.20 and a Reynolds number of 
about 1.0% 10°. ‘The results are compared with published results in 
the technical literature. Photographs were made of the boundary layer 
flow patterns by using lamp black coating on the walls and the blades. 
2. Installation 

The Rectilinear Cascade Test Facility is an open cycle wind tunnel 
used to investigate the flow in rectilinear cascades of axial turbo- 
machines. The Cascade Laboratory and aSsociated equipment are des- 
cribed by Rose and Guttormson. [12] The plenum chamber was modified by 
Bartocci. (s] The present installation of the cascade is described by 
Bartocc i. [7] 

The rotor profile geometry is shown in Fig. 1. Of note is the 
fact that it is composed solely of straight lines and circular arcs, 


that the leading and trailing edges are not rounded, and that the blade 


shape is designed for a large flow deflection, namely 132 degrees. The 
rotor blade models have a chord of 6.757 inches and a blade spacing of 
four inches. The solidity is 1.69 and the span is ten inches. The 
Span to chord ratio is 1.48. The stagger angle is -4.50 degrees. The 
blades are nine times scale models of the blades at the mean radius of 
a turbine rotor that can be installed in the Transonic Turbine Test Rig 
at the Turbo-Propulsion Laboratory of the Naval Postgraduate School. 
The cascade geometry is shown in Fig. 2. The inlet and exit angles are 
shown at the meaSuring planes. 

The inlet and exit flow angles, total pressures, and dynamic pres- 
Sures were measured at 0.05 inch increments across the middle two 
blades of the cascade. The Automatic Data Logging System was used to 
obtain the data for the first five tests. A mechanical failure oc- 
curred during the sixth test. The system then required recalibration. 
During this procedure several electrical failures occurred. It was 
then decided to complete the remaining tests by using water-filled 
manometer tubes. One test run could be completed in one and one-half 
hours with the Automatic Data Logging System. Four to five hours were 
required to complete a test run when the manometer tubes were read 
directly. 

Pressure and flow measurements were made by using two United Sen- 
sor and Control Corporation YC-120 flow probes. The calibration data 
for the probes were obtained from the curves provided by the vendor. 
The probes were subject to considerable error when used close to a wall. 
An immersion calibration was performed on both probes. The probes had 
essentially an equal error. An immersion correction was not used since 


the loss coefficient depends on the ratio of dynamic pressures ahead of 


10 


and after the cascade, and the correction cancels in the computation. 
During the immersion calibration the vendor's calibration curves were 
checked and found to be sufficiently accurate. 

The probe after the cascade vibrated considerably when it was 
cantilevered in excess of eight inches. The lower probe remained quite 
steady throughout its spanwise travel. This demonstrated that the 
probes were structurally stiff enough but that the flow downstream of 
the blade row caused the upper probe to vibrate. An airfoil was fit- 
ted to the uppér probe in an attempt to decrease the vibration, but 
this change was unsuccessful. For this reason the upstream data for 
y = 9.0 and 9.25 inches should be used in a cautious manner. 

For the first series of tests the inlet side walls were set at 
66.0 degrees. The average inlet flow angle in the center of the cas- 
cade was 67.2 degrees. The flow does not follow the inlet walls 
exactly but seeks a path of least resistance. Experience has shown that 
the air inlet angle to the blade row was approximately one degree 
greater than the inlet wall geometry. The second series of test was 
conducted with the walls at 62.0 degrees. The average inlet flow 
angle in the center of the cascade was 62.7 degrees. The gap between 
the tip of the blades and the adjacent wall was blocked by rubber pieces 
glued to the profile to eliminate tip clearance flows. 

The inlet angles were chosen to correspond to previous tests con- 
ducted with the blades. The minimum loss coefficient determined by 
Bartocci occurred at an inlet angle of 66.2 degrees. (7} The design 
inlet angle is 62.0 degrees. 

3. Definition of Parameters 


The Reynolds number is defined as 


sa 


—= 
a cea: (1) 


The Mach number is defined as 


2 ( 
Vr9R To v5) 


The velocity coefficient for the flow through a cascade is defined 


V 
= "Wis (3) 


The loss coefficient for the cascade is defined as 


Lue oh oma 


Vi (4) 
V5 44, 


This loss coefficient corresponds to the cascade efficiency as given 


as 


by Vavra. + 


Two other loss coefficients are used to correlate the cascade tests 
to other published results. These are the Stagnation pressure loss 
coefficients used by Ainley and Mathieson, and the enthalpy loss co- 
efficient which is related to the actual exit velocity. [4 | The stagna- 


tion pressure loss coefficient is defined as 


ee _ Rs; 
Y= 2p. -p- (5) 
fz ha 


The enthalpy loss coefficient is defined as 


2 Pad 
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The enthalpy loss coefficient was used by Bartocci. [7] The loss 


lvavra, M.H., Aerothermodynamics and Flows in Turbomachines 
(New York: John Wiley and Sons, Inc., 1960) pp. 83. 
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coefficients are related by 
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The lift and drag coefficients are defined as 
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and D 
Co 
= Vp P Ve C (9) 





where ec is the blade chord and 
nna 
P= 4(A+P3) (10) 


Ven is the magnitude of the mean vectorial velocity of Vo and V 


3° 

L and D are the forces per unit blade height acting on the blade 
perpendicular and parallel to Vgg- L and D are components of the re- 
sultant force acting on the blade which is computed by the momentum 
equation. 
4. Results and Discussion 

The test results are presented in Tables I and II. The experi- 
mental data, computer results, and graphs of the total, dynamic, and 
static pressures are filed in a separate cover at the CaScade Labora- 
tory. In Fig. 3 the loss coefficient De ie plotted versus the blade 
height for both series of tests. The exit angles are plotted ina 
Similar fashion on Fig. 4. The enthalpy loss coefficient “s is plotted 
on Fig. 5, and the stagnation pressure loss coefficient Y is plotted on 
rigs 6. 

The loss coefficients include the mixing losses since the upper 


measuring plane waS approximately 29 inches aft of blades in the 


3 


direction of the discharge flow. The loss coefficient on the centerline 
of the cascade for an inlet flow angle of 66 degrees was essentially the 
Same aS previously determined by Bartocci. [7] This demonstrated that 
the Automatic Data Recording Equipment functioned correctly. The span-~ 
wise distribution of the loss coefficient indicated peak losses at the 
one-quarter span locations from the walls. 

The loss coefficient distribution shows the effect of the secondary 
flows in the blade channels. Secondary flows occur when actual flows 
with boundary layers are turned in a channel. The result is the forma- 
tion of the two trailing vortices shown in Fig. 7, which is a simpli- 
fied reproduction from Vavra.2 The trailing vortices cause a loss in 
addition to the profile and mixing losses. Fig. 8 shows an idealized 
three-dimensional flow through a row of blades as published by Ainley 
and Mathieson.? The Spanwise loss coefficient distributions of Fig. 3 
and Fig. 8 are qualitatively very similar. Fig. 3 does not show a uni- 
form mid-Span loss since the tested turbine blades have an aspect ratio 
of only 1.48. 

Secondary flow theory predicts that the flow deflections will be 
greater at the end walls of the cascade than at the mid~span location. 
The exit angles shown in Fig. 4 confirm this prediction. The slightly 
smaller exit angles at y/h = 0.3 and y/h = O.7 correspond to the de- 
ereased deflection of the flow by the secondary flow vortices that occur 
at points A and B in Fig. 7. 


In Appendix A are calculated the exit flow angles by three differ- 


-Ibid, pp. 376. 
3ainley, D.G. and Mathieson, G.C.R., An Examination of the Flow 


and Pressure Losses in Blade Rows of Axial Flow Turbines (A.R.C. R and 
M 2891)" Fig. .15aspp. sole 
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ent formulas. The predicted exit angles are 0.8 to 1.9 degrees less 
than the experimental centerline exit angles. 

The local loss coefficient £ of the cascade was plotted on Fig. 9 
versus the dimensionless distance y/e where c is the chord. Also shown 
on Fig. 9 are two curves for an impulse rotor blade from Holliger.” The 


loss coefficient used by Holliger is defined as 


fee tamer hte 
aa eal CEP 
tse = 


where Pt is the total pressure outside the wake. The index 3 refers 


3th 
to conditions after the cascade. The loss coefficient as defined by 
Holliger and the Be eee omer in this paper are essentially the 
same, but Fig. 9 is intended for qualitative comparison only. The two 
tests by Holliger were conducted at two different aspect ratios. The 
curve for an aspect ratio of 3.48 illustrates a substantial two-dimen- 
sional region in the mid span area. The other curve for an aspect ratio 
of 0.619 shows that the zones of disturbance on the two walls have in- 
teracted in the center of the cascade. The curves on Fig. 9 show that 
the experimental loss coefficient Sand the loss coefficient measured 
by Holliger have maximum values at about the same relative wall clear- 
ance. 

The turbine cascade results obtained by this writer demonstrate 
that the centerline loss coefficient is most likely free from secondary 
flow loss. The disturbance zone is in the same relative location from 
the wall as was found by Holliger. It was not possible to obtain accu- 
rate test data closer to the wall than shown in Fig. 9, therefore, the 


4uolliger, K., Further Developments of Steam Turbine Blading 
(Escher Wyss News Vol. 33, 1960) pp. 79. 
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loss coefficients at the wall could not be compared. 

Curves for reaction blades similar to the curves of Fig. 9 have 
been published by New. [12] One set of the curves are reproduced in 
Fig. 10. Efficiency rather than the loss coefficient is plotted. The 
efficiency as defined by New is compatible with the loss coefficient 
© au the loss coefficient used by Holliger. An aSpect ratio of 2.3 
is required in the caScade used by New to obtain a two-dimensional flow 
in the center of the caScade whereas an aspect ratio of 1.48 is suf- 
ficient in the turbine cascade used by this writer. The difference in 
required aspect ratios can be partially explained by the comparative 
Sizes of the cascades. The cascade used by New was smaller than the 
Turbine Cascade at the United States Naval Postgraduate School. The 
blades tested by New had a chord length equal to 1.70 inches compared 
to a chord length equal to 6.757 inches for the blade used by this writer. 
Assuming a similar boundary layer growth in both cascades the boundary 
layer in the smaller cascade would be relatively larger with respect to 
the span length than the boundary layer in the larger cascade. The 
secondary flow caused by the boundary layer would affect a larger por- 
tion of the span in the smaller cascade thereby requiring a larger as- 
pect ratio for a two-dimensional flow region. 

The two-dimensional secondary loss coefficient 1s considered to be 


the excess over the loss coefficient at the mid-span. 


4 f 4 
4 as % = Lae (12) 


Ss coca | 


The two-dimensional secondary loss coefficient shown on Fig. 3 was 
approximately equal to the profile loss and mixing loss coefficient at 


the one-quarter span locations from the wall. The profile and mixing 
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loss coefficient was assumed equal to 0.65 along the entire span for both 
inlet angles. The average total loss coefficient was determined by inte- 
grating the local loss coefficient over the blade span. These average 
total loss coefficients were found to be 0.095 for 66 degrees and 0.085 
for 62 degrees side wall angles respectively. The average secondary 

loss coefficients were then 0.030 and 0.020 for the two side wall angles. 
The higher secondary loss coefficient for the larger deflection reflects 
the effect of the turning angle upon the secondary flow. The three over- 
all loss coefficients, Ay. oe and Y, are shown in Table III. 

Markov presents a characteristic spanwise change in loss coefficient 
for a rotor blade cascade that is very similar to Fig. 3 and is shown in 
Fig. 11.2 The rotor blade profile consists of circular ares and straight 
lines and is shown in Fig. 11. The design flow deflection is 124 degrees. 
The profile and secondary loss coefficient agree very well with the re- 
sults found by this experimenter. The profile loss coefficient obtained 
by Markov was 0.062 and the overall loss coefficient was approximately 
0.098. 

Several methods for predicting the secondary flow loss coefficient 
are presented in Appendix B. The formula by Markov gives secondary loss 
coefficients that agree well with the experimental loss coefficients. 
For 62 degrees side wall angle the predicted secondary loss coefficient 
was 0.0206 compared to the experimental secondary loss coefficient of 
0.020. The predicted loss coefficient for 66 degrees side wall angle 
was 0.0262 compared with the experimental loss coefficient of 0.030. 
Several authors have stated that the secondary loss coefficients pre- 

” eS, N.M., Calculation of the Aerodynamic Characteristics 


of Turbine Blading (New Jersey: Associated Technical Services, 1958) 
pp. 26. 


ays 


dicted by Markov are too small, a condition which has not been found in 
the present case. Markov's formula appears to predict an accurate 
secondary flow loss coefficient for a high deflection turbine cascade. 

The other formulas presented in Appendix B predict secondary flow 
loss coefficients that are one magnitude higher. If the actual turbine 
rotor is conSidered, these higher loss coefficients seem to be probable. 
The loss coefficients for the actual rotor were determined by Eckert. [9] 
The loss coefficients varied from 0.35 to over 0.50. Therefore, one can 
assume that the secondary loss coefficient in Eckert's case would be of 
the order 0.20 to 0.30. 

Soderberg has attempted to correlate loss coefficients to a stand- 
ard Reynolds number and aspect ratio.© The computations are shown in 
Appendix B. Soderberg's formula predicts an enthalpy loss coefficient 
‘s equal to 0.12 for the flow deflection of run 100 of Table I with the 
side walls at 66 degrees and a loss equal to 0.115 for the deflection 
of run 111 with the Side walls at 62 degrees. The corresponding experi- 
mental values for 4 were 0.106 and 0.095. The correlation is limited 
to moderate deflection angles and blade thickness, hence, substantial 
extrapolation was required to obtain Soderberg's loss coefficients. The 
loss coefficients compare favorably in spite of the limitations of the 
correlation. Ainley and Mathieson predict a secondary loss coefficient 
that is also high.’ For the conditions of the inlet side walls at 62 
degrees the calculated secondary loss coefficient is 0.13 compared with 
value of 0.023 measured by this writer. 

SHorlock, J.H., Axial Flow Turbines (London: Butterworth and 
Company, 1966) pp. 86-88. 


Ainley, Ops CLU.s Dp em 
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The loss coefficients are dependent upon the Reynolds number. Hor- 
lock in referring to other experimenters suggests that the loss coeffi- 
cient is proportional to the one-fifth power of the Reynolds number 
above a critical value of 10°.8 The Reynolds number is based on the 


hydraulic diameter, D,: 


Scosx, + h (13) 


The hydraulic diameter of the tested turbine cascade for an exit 
angle of 71.0 degrees is 2.30 inches. This compares with the chord 
length of 6.757 inches used by this writer as the characteristic length. 
The Reynolds numbers for the cascade based on D, would be 34 percent of 
those listed in Tables I and II. The loss coefficients of Tables I and 
II can be correlated to those of Horlock or Ainley and Mathieson if 
they are compared at the Reynolds number based on the hydraulic diameter. 

A low reaction blade does not have a very favorable pressure 
gradient and comparatively thick boundary layers are unavoidable. A 
typical outlet velocity distribution from a low reaction turbine stage 
is shown in Fig. 12 which has been reproduced from Ainley and Mathie- 
son.? A major thickening of the boundary layer has occurred at the blade 
root; at the tip the flow is accelerated through the radial tip clear- 
ance. A major portion of the secondary loss appears to occur in the 
vicinity of the blade root where the local flow accelerations through 
the row are smallest. With high reaction turbines the velocity distri- 
bution is more uniform and the secondary losses should be smaller. 


The average acceleration in the turbine cascade tested by this 


Shorlock, Op; Gite, pps luc. 


9Ainley, Op. Clt., Fig. 19, pp. oo 


We, 


writer was from 240 to 330 feet per second. The accelerated flow in the 
tested turbine cascade provides a favorable pressure gradient that 
should cause a lower secondary loss compared with the secondary loss 

for an impulse turbine cascade. Therefore, the secondary loss coeffi- 
client measured by this writer should be smaller compared with the 
secondary loss coefficient that is predicted in most of the technical 
literature for an impulse turbine cascade. For this reason it seems 
beneficial to provide for a certain amount of flow acceleration in a 
blade row, particularly for those with large flow deflections. 

The boundary layer flow within the blade row was investigated by 
the use of lamp black coatings. Some of the resulting pictures are 
shown in Figs. 13 to 17. The convex sides of the two middle blades are 
Shown in Figs. 13, 14 and 15 with the leading edge towards the right of 
the figures. The flow in the boundary layer starts away from the ends 
at the point where the blade curvature begins. This is at point A in 
Fig. 1. The flow in the mid-span portion of the blades appears to be 
very closely two-dimensional. Fig. 16 shows the concave side of the 
blades. 

Fig. 17 shows the flow in the side wall boundary layer. The direc- 
tion of the flow is from the high pressure concave side of one blade to 
the low pressure convex side of the adjacent blade. This flow pattern 
agrees well with what can be predicted from secondary flow theory (Fig. 
Ta 

The computer program "CASCADE" was used to process the test data 
and to calculate the caScade parameters. The computer program 1S ex- 
plained by Bartoccl. [7] Three modifications were made by this writer. 


The input and output statements were changed to suit the particular needs 
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of the tests. One arithmetic statement was corrected and the loss co- 
efficient was redefined to obtain the loss eee ae The enthalpy 
loss coefficient “4 can be obtained from hs Hide (7). 

5. Conclusions 

The test results have demonstrated the effect and the magnitude of 
the losses, due to secondary flow in a caScade of turbine blades. The 
loss coefficient distribution along the blade height agrees well with 
the results published by Markov, Holliger, and New. The magnitude of 
the secondary loss coefficient agrees with the secondary loss coeffi- 
cient predicted by Markov. Most other published formulas give secondary 
loss coefficients about ten times as large as the secondary loss coef- 
ficients measured by this writer. 

The accelerated flow in the tested turbine cascade provides a 
favorable pressure gradient that tends to slow the growth of the bound- 
ary layer. The secondary flow caused by the formation of the boundary 
layer would then be smaller in the tested turbine cascade compared with 
an impulse turbine cascade without accelerated flow. Therefore, the 
formulas that predict secondary loss coefficients for an impulse tur- 
bine cascade would give a loss coefficient that is too large for the 
tested turbine cascade. 

Although there exists a good qualitative understanding of secondary 
Flow phenomena, the different available quantitative predictions of the 
secondary flow loss vary greatly in magnitude. The method of Markov 
appears to give the best prediction of the secondary losses for cascades 
of turbine blades. 

6. Recommendations and Acknowledgements 


The cascade facility is operating well except for the Automatic Data 


al. 


Logging System. If the funds are not available for the acquisition of 


a faster and more accurate system, serious effort should be made to mod- 
ify the present equipment to ensure satisfactory operation. The poten- 
tial of the Cascade Test Rig can not be reached if about four hours are 
required to complete one experimental run, and if two additional hours 
are required to punch the computer data cards. 

Several blade tests should be carried out in the near future. The 
effect of tip clearance flows should be determined and compared with 
the two-dimensional secondary flow results of this thesis. A blade sim- 
ilar to the present blade but with a rounded blunt leading edge should 
be tested. The blunt leading edge permits the incidence angle to vary 
without decreasing the blade performance. Such a blade can be used in 
turbines at low Mach numbers and varying incidence angle. 

Flow visualization studies should be conducted with improved means 
of introducing smoke into the test section. The boundary layers on the 
walls and the blades should be investigated. If pressure taps were in- 
Stalled in a blade, the upper and lower surface pressure patterns could 
be determined to correlate secondary flow phenomena with boundary layer 
patterns. 

The Cascade Test Rig has the provision for the removal of the side 
wall boundary layer upstream of the lower measureing plane. The effect 
of the side wall boundary layer on the secondary loss ahould be investi- 
gated by the use of a boundary layer removal system. 

The writer wishes to express his appreciation to Mr. R.W. Savage 
for the patience, loyalty, skill, and assistance he provided during this 


investigation, and to the guidance provided by Dr. M. H. Vavra. 


oa. 


TABLE I 


Test Results for Inlet Side Walls at 66 Degrees 


/ XK ~ot x, ~ 

y a ie & es 0 0 3 ES 
0.75 105. SIOMGipoeONO7 0s e005072 9 6750N0.4  =77.8 sn0.6 
1.00* 104 0.072 0.078 0.081 66.6 0.8 -76.1 0.7 
2.00 1.0m Os Ole ON NS Gace ORI 67 6u mS mach ie). 9 
300-0]  OstiemerGeiss 904138 466.9 0.5 =69.6 9.1.6 
4.00 106 0 EROROG 2 OF085. 67c3. BO. 6.700 90. 6 
SOO O0: (On0CrENONG7ZO SO4079 e672 MOL see7085 scons 
6.00 107. 0.079 0.086 0.090 67.1 0.4 -70.8 0.6 
70 GieO2.. Ose CueOR COs O67. M6690 e0.5 s6O tel, 9 
8.00 109 O2neert? 10M 67.5 0y5 7152 51.1 
F200+ 03 0.055 mNOMO59  OF061. 67.6 g0.6 275.1 01.3 
9.25 108 SOURIS SIeROROL2 602010 967.8 Be0.3 =76.5 yede5 


* Automatic Data Logging System 


“~ofe Maximum deviation of the angle 


2S 


2200 


SIRICN0, 


4.00 


00 


8.00 


9.00 


2 eae, 


Ac 


144.8 
a2 67 
TSoeer 
1 yee) 
Sen 2 
138.0 
137.9 
ro-0 
[Sond 
142.7 


144.3 


C 
Lee 


Se? |, 


3 55) 


5.95 
es 3) 
Dees 
Sago | 


Over 


TABLE I (cont. ) 


ee 


0.726 
0.634 
0.684 
0.473 
O28 3 
Oren 
0.307 
Ono 70 
O63 
0. 366 


0. Son 


Rey 
x1076 


1.04 
o> 
aoe 
1.08 
ies 
1.14 
Po 
een 
Ihe, O 3) 
deh 0) 


eo? 


24 


M 


Orgs 


02197 


Onze 


0.210 


0.220 


20S 


ORG 


0.209 


Je 2to 


0.197 


0.196 


Test Results for Inlet Side Walls at 66 Degrees 


Vo 


224.4 
VIL I 
239.4 
237.4 
249.2 
241.2 
245 .0 
DOO eT 
246.2 
22270 


Ca ai ai | 


We 


S07.) 
30778 
314.6 
cp ac 
334. 3 
da 
328.9 
Slo 
Sloe 
i sl 


STS 


Og/> 
1.00 
2200 
3.00 


4.00 


8.00 


9.00 


™~ 


TABLE II 


Test Results for Inlet Side Walls at 62 Degrees 


Run 
No. 


118 


Waly 


116 


ti2 


114 


115 


113 


120 


119 


i 


7 


= 


0.122 


0.094 


OSE 


07063 


0.068 


0.065 


0.070 


0.085 


On Ty 


0.070 


0.058 


S 


0.140 


0.103 


Oel27 


0.091 


O207 3 


0.070 


02075 


0.094 


Ona 33 


One75 


0.061 


Y 


0.145 


O2107 


Gol 52 


0.094 


0307.6 


0.072 


O7079 


0.097 


0.134 


0.079 


0.064 


62.0 


62.0 


620 


O2e7 


62> 


62.8 


6263 


62.6 


61.9 


63.0 


6l.8 


Maximum deviation of the angle 


29 


x; 


=J/ 33 
-76.6 
-70.4 
-/0.8 
-/1.9 
-71.6 
-/2.0 
=/0=9 
-/0.2 
-75.1 


=e 9 


WHO, 


0.4 
O25 


0.6 


G2 
0.4 
0.4 
0.4 
1.0 
0.4 


0.4 


1.00 


2.00 


3.00 


4.00 


D.00 


6.00 


7200 


3200 


9.00 


v.22) 


139.3 


36. 6 


1332.0 


1330 


134.4 


134.4 


134. 3 


MES eS) 


132.1 


ison k 


ote? 


Sys ie! 


5.74 


5.14 


Be Od 


5.08 


5.08 


5-08 


oe07 


3206 


a5) 


Dye She! 


Zipper 


0.899 
Uroo2 
OR 3/2 
Ore 31. 
0.206 
Oel7 / 
Oe 226 
0.247 
0.405 
0.434 


0.416 


TABLE II (cont. ) 


Rey 


x 1076 


26 


1.04 


07 


ieee 6, 


Vs 


ihessilrg 


1.14 


dae ay 


109 


1.13 


Tele 


OF > 


0.176 


Ors 1 


Walez 


0.184 


OTe os) 


0.180 


0.180 


Oe 16 


0.182 


Orc 


Test Results for Inlet Side Walls at 62 Degrees 


Vo 


200.0 
Too 
VAU ls eae 
205 26 
207. 3 
20726 
205.0 
295. 3 
210.9 
205.4 


200.4 


We) 


Sisz3 
314.8 
324.5 
332.4 
342.0 
339m 
334.3 
i) a 
332.4 
329 


330.6 


Loss 
Coefficient 


“ 
£ 
Ma 


62° 


TABLE III 


Overall Loss Coefficients 


Two 
Dimensional 


0.065 


0.07.3 


0.065 


o707 0 


O72 07 2 


27 


Secondary 


0.030 


O02 086 


O-032 


0.020 
0.025 


0.025 


Total 


0.095 


0.106 


Ori 


0.085 


0.095 


05097 


4.104 


—+ 530 _ 
Flow — 


3.196 
6.757 
3.707 
.288 
2.217 
++ ++ 
Fig. | ~~ 
Rotor Profile 2.104 


Scale: Full 
All dimensions: inches 


28 


,Oc=, |? a1D9S i Jaquwoyy wnuaig 


SBUDA APIND salu] OS 


H1IOM 
noe BP!IS salu] 


s6ulosDds epodlig zg 


aoupsysig Buunspaw oe ae 


‘s6uloods apoig 2.—t™” 7 7 » » 
a2uDssig BulunsDaw 





$#V 4D4 


EA 
‘A 


aD 


oA 
A 


@PDISDD JO Ma!A apPIs 


rs 


“6i4 





> © sapoig si 


@uDig BulunsoeaW WOaejsuM0g 


O09 


BUD|g BulunsDa-; 
woasisdn 





~sapolg 4 


2? 


IDA 
ULION 


O'| 60 


Ww 


\y § 


4Y/A — .yBlay} apdig aA DIeY 


80 LO 9'°0 exe) b'O 
ay ; 3 = 
a S 


Sy 


Y 


4uBI9H SpPDIG SA 
J - 44919144209 sso7] 


¢ ‘Ol 


IIDAA 


yinos 
£0 Z'0 ‘0 exe 

ocF9= SIIDM @P!IS sajuj jo ejbuy Vv 
o99=SIIDM APIS salu; so ejbuy © 200 

ULE 
Zab ; $0'0 
2A ' 
90'0 
& 

Gy 

e. 800 


91°0 


8l'O 


30 


IID AA ITDAA 
YLJON U/A 4YyBlaH apoig aAtsojay yinos 
O'| 6'0 80 LO 90 Ss‘ t'O €'O Z‘O Ke 00 


sajbuy Mo|4 


pb 64 
On+ ajbuy Moly sajuy --- oZQESIIDM APIS salu) jo ajbuy 7 OS 
ED- ajbuy mols x3 — 099= SIIDM apis saju; yo ajbuy © 

Ons 

09 
Ve a -~ ye OG ir? GU KO — -VV 

saaibeqg 

an En 
OL 





08 


S1 


TIDAA 


_ D 
UsJON Y/A — tyBiayy aPO]G aajojay — 
Ol 60 80 ZO 390 Go vo <O cO we) 00 


ecQ9= SIIDM Ais {aju) jo aj6uy Vv 
o99= SIIDM apis iaju) yoaBuy @ 2OC 


y *, . *, O00 

e, e, =A 

d -— ‘d 

x § 90°0 

\ oe 3 
‘\ “AT = ae ‘ — 

Ea > i cs 
SY 
J \ oro 
/ AS Vay A 
/ x Y/ \ 2! 
™~N 
~~ = 

4 | pro 

g v 
910 


suBIaH apoOIg SA 
A — 4uainyyao5 sso7 


G ‘Bi4 810 


<q’ 


110M 


1jDM 
ULJON Y/A - syBiay apdig aAlsDjay usnos 
O'| 6'0 8'0 £0 9'0 SO vO €'0 ZO Ke) 0'0 


oc 9= SIIDM @PIS sau; jo ajGuy Vg 





099=SIIDM apis salu] 30 abuy @ 79° 
C e 
, Fr a - ? ee 
EA 
as 90'0 
—_— 7 —_ -» —_ O 
v TT ae ; 
< rail S N J 800 
ey 
ae ¥ 
\ / . x Oro 
S / ; 
/ Xx VE 
~ a \ ZrO 
V 2 “Te 
\ Wy, : 
: bl'O 
- 4u618H apDIg SA ae 


7 — 4U9!IDIJJ905 $SO7 
9 °Sl4 glo 


55 





na Bend 


Fig. 7 Secondary Flow i 


UOIENGIdISIQ AJIDOLaA 
43/4NO jayus 


$$07] dINSSaig 


$s07J 


ed ae Ya vp wea Kx12019A 
Bs 







sappdig $0 MOY D YBnosuL 
MO|4 |DUOISUBWIG-—d3aIYy] PaZiiDap| 


g bi4 


a/A —a2duasDalD |JDM PAILDI>aY 


8'l 9"! v'l o'| O'l 8’0 90 vO 20 ome) 


IY ZS/l= 2A 


oJ 9zSIIDM SPis jaju; yo albuy vg ee 
0992 S1/DM Pls sau; 30 ajBuy © — 


» 
afi AS) 


& 





(2961)10H) O11Dy soedsy JDIIgIWIqQNS Kx = —+- —+ 
(4061jJ0OH) O14DY = JI|dSY |DDI4¥IsDIBaAGQ + ——- — 


$U91915,805 $804 


Jan Lan 
a. 
¥ 


11IOM @4us Wold 2/A + 
22uUDISIG ssa} UOISUaWIG \ / 
SA $UG!9133905 $sO7 ~+ 


6 ‘6)4 = a + 


Oc 


0} 


36 


e'Z=s9/y ——— 
O'p = 9/4 e@eceo G'il2*9/y — 
UO! LISOg sYyBIaH apolg 
9"¢ ce 8'2 bd O'S? 9'| a | 0) 


— 


| 
| 
| 
| 
| 
| 
| 
| 


\ 
\/ 7 


ee®ee5e & © &© Ge 6 OO —O— 


(MAN) 
UJas4Dg SSO7 MO|4 AsDpUu0dsaS 
uo OuIDY joadsy jo j9aj)9 
ol Bi4 





37 








my 
2 -— 
' 


ae 





nd ahead ada dnd ee pers 
' 


‘e - the ip ie te % 





a=) fo 
; 


— ll 


. | - 
. 1c 82764809 #=85 i, ia 
ecu HE wail 


OP—-hy oe 


= — - ‘ 





O'l 


PA / A 
8’0 9'0 v'O 


(UO}LIDIY MOT) MOY JOJOY D WOlY 494NO 
1D ApOOJ@A [DIX JO UOJINGI4IS]Q |DDIGAL 


rAd 


20 
Jajyawpig Jsauy| 


Japawoig 4aino 


O 


39 


SIPETE IOJVOY s2yI 
JO WITTE 
iakey Arepunog aepy Suipes] 7 See 





40 


SOpeTg 10}70y a 
uj jo ula 
zaXey ALepunog me a ee 
"oT 





41 


SIPETY IO.OY sy. JO wAIRIIeWI oT 
1akey, ALIepunog sspq Furqwerap, cy -By 





42 


SepeTg 10}70y oy}? jo uda 
33e8g MO 
tofeyT Alepunog apts eaeou0g 9 a 





43 


UTA, Te 
ALPpunog TT 


OT AdAe’y] 
Ce Ll 


‘OoTY 





44 


ro. 


ie 


2. 


iS. 


BIBLIOGRAPHY 
Horlock, J. H. Axial Flow Turbines. Butterworth and Co., 1966. 


Markov, N. M. Calculation of the Aerodynamic Characteristics of 


Turbine Blading. Associated Technical Services Inc., 1958. 


Vavra, M. H. Aero-Thermodynamics and Flow in Turbomachines. John 
Wiley and Sons, 1960. 


Ainley, D. G. and Mathieson, G. C. R. An Examination of the Flow 
and Pressure Losses in Blade Rows of Axial-Flow Turbines. Aeronau- 
tical Research Council. R and M No. 2891, 1955. 


Ainley, D. G. and Mathieson, G. C. R. A Method of Performance 
Estimation for Axial-Flow Turbines. Aeronautical Research Council. 
R and M No. 2974, 1957. 


Armstrong, W. D. The Secondary Flow in a Cascade of Turbine Blades. 
Aeronautical Research Couneil. R and M No. 2979, 1957. 
SS Ses 


Bartocci, J. E. Cascade Tests of the Blading of a High Deflection, 
Single Stage, Axial-Flow Impulse Turbine and Comparison of Results 
with Actual Performance Data. United States Naval Postgraduate 
School. Thesis, 1966. 


Bartocci, J. E. An Investigation of the Flow Conditions at the 
Lower Measuring Plane, and in the Plenum Chamber of the Recti- 
linear Cascade Test Facility. United States Naval Postgraduate 
School, Department of Aeronautics. TN No. 66T3, 1966. 


Eckert, R. H. Performance Analysis and Initial Tests of a Transonic 


Turbine Test Rig. United States Naval Postgraduate School. Thesis, 
1966. 


Holliger, K. Further Developments of Steam Turbine Blading. Escher 
Wyss News. v. 33, 1960: 75-81. 


New, W. R. An Investigation of Energy Losses in Steam-Turbine Ele- 
ments by Impact Tranverse Static Test With Air at Subacoustic 
Velocities. Transactions of the ASME. v. 62, August, 1940: 489- 
DOO: 


Rose, C. C. and Guttormson, D. L. Installation and Test of a Recti- 
linear Cascade. United States Naval Postgraduate School. Thesis, 


1964. 


Vavra, M H. Unpublished Notes. 


45 


APPENDIX A 
PREDICTION OF EXIT ANGLE 
Three formulas were used to estimate the exit angle of the flow of 
the cascade. The predicted angles were smaller than those experiment- 
ally determined but the correlation is quite good. The predicted and 


experimentally obtained exit flow angles are shown in Table A-I. 


1. Markov suggests the use of the following formula to predict the 


ont angle: [2] 


a 
COS I arise 
3 S- te (Al) 
a = 1.18 inches s = 4.0 inches 


te = 0.538 inches 


From Eq.(Al): X 3 = 70.0 degrees. 


2. Formula (14) is a curve fit formula based on work done by Vavra. [13] 


a 


where 


[1 + 0.0146 7(& (06) - O. o1067(¢. 100)" ~0,.2375 = 
kK, die —aeaenaet 


,8383 (A3) 


0.0525 a/s = 0.295 


t/8 


a OM 


e 


68.9 degrees. 


From Eq. (A2): x. 


3. Ainley and Mathieson use the procedure presented in R. and M. 


2974. [5 ] Formula (Al) is used with the denominator s, rather than 
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(s - t,), to obtain cos~! (a/s). The angle is then obtained by the use 
of Fig. 5 of R. and M. 2974 which is shown in Fig. A-1l. 
Eq- (Al) is in agreement with Eckert . 19 From Eq. (Al), x; = 69.5 


degrees. 


0 
Eckert, R. H. Performance Analysis and Initial Tests of a 
Transonic Turbine Test Rig (Thesis, United States Naval Postgraduate 
School, Monterey, California, 1966) pp. 162. 


47 


TABLE A-I 
Predicted and Experimentally 


Obtained Exit Flow Angles 


Predicted 
Markov (Eq. Al) 70.0 degrees 
Vavra (Eq. A2) 68.9 : 
Ainley and Mathieson (Eq. Al) 69.5 


Experimental At Centerline 
66° Side Wall Angle 70.8 degrees 


62° Side Wall Angle 716 v 
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-80° 


-70° 


—40° 





cos”! (a/s) 


Fig. A-| 
Relationship Between Gas Outlet Angles and cos7'(a/s) 


for Straight - Backed Blades Operating at Low Mach Numbers 
(Ainley and Mathieson Rand M 2974) 
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APPENDIX B 
PREDICTION OF SECONDARY LOSS COEFFICIENTS 
The secondary loss coefficients are calculated using five different 
formulas. The calculated values are compared to the measured values in 
Table B-I. 
/ 
1. Markov develops a secondary loss coefficient Ss that is added to 
/ 
the profile Joss coefficient Zep to obtain the overall loss coefficient 
ah _ a 
L ; The loss coefficients are defined in the Same manner as r4 >» in 


accordance with Eq. (4). There is 
/ / / 4 / 
£= fant r eat A! ~ Son (Ee (B1) 


where 


Zi. 2.01(% sinXe - Vz snxs) 
E COS x, Vz hi (B2) 


4 
Sap has been expressed using the notation of this writer. 


a) For the inlet side walls set at 66 degrees where the center- 


line &,= 67.21 degrees there are: 


a = 0.0281 a. 3 0.065 


From Eq. (B1) 


/ 
S- = 0.0262 
b) For the inlet side walls set at 62 degrees where the center- 


line = 62.83 degrees there are 


L = 0.022 oo 0.065 


a MAEKOV. op. cit. pp. 48-50. 
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From Eq. (B1) 


2. Vavra proposes two formulas for predicting the secondary loss co- 
efficient. One uses the lift coefficient, exit angle, and the mean 
flow angle. 12 This loss coefficient is best compared to the loss Y 


of Ainley and Mathieson when used with a cascade. 


VY 3 
OF — COS Heo 





5 (B3) 
O Cos Kz 
C.20.0585C,. & = 0.058C aS 
a | ao i | boo FF (Blt) 
Therefore 
oss C - z é 
a Lo g* S COS Ks 
COS Fa Q5 h (B5) 


a) For the inlet side walls set at 66 degrees the centerline 


values are: 


= O = O 
Xx, = -/0.8 Xoo = -24.67 


= 5.85 S = 176 


From Eq. (B5) 
Y = 0.308 


b) For the inlet side walls set at 62 degrees the centerline 


values are: 


= O = O 
ee Le i, = see 
Cr, = 5.08 

foo) 


12vavra, Ope cit. Pp. 336 and 9372. 
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From Eq. (BS) 
Y = 0.286 


c) Another formula presented by Vavra uses the velocity ratio 


is 


ay. The equations have been expressed using the notation of 


this writer. 


g%s /- o* (B6) 


where 


G2 0209 — 222 Aoge 4507 


lot IBO-AX (B7 ) 


For AX 
For A& = 0.0: ) = .928 


132° (design condition): vy = .855 


The secondary loss can be expressed as the difference between 


the loss at AQ = 132 degrees and the two-dimensional loss coefficient. 


2 
Be = d, — ¢ = 0.196 (B8) 


3. Soderberg correlates the loss coefficient to a standard aspect 
ratio of 3:1 and Reynolds number of 1.0 x 10° which 1s based on the 
hydraulic diameter. 1+ The expression for the hydraulic diameter is 
given by Eq. (13). $f, is the loss coefficient from Fig. 3.10 of Hor- 
lock that is used in Eq. (B9) to predict the loss coefficient at dif- 
ferent aspect ratios and Reynolds numbers. Fig. B-1l is a reproduction 
of Fig. 3.10 from Horlock. Soderberg uses a blade thickness ratio as 

a parameter in Fig. B-l. The blade thickness ratio for the tested tur- 


bine blades is 0.386. 


13ibid. pp. 435. 


lauorlock, op. cit. pp 86-88. 
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54 
= cs . 


h = 10.0" s = 4.0" 


a) For the inlet side walls set at 66 degrees there are: 


X5= 70.8° Dy, = 2. 320 
Rey = 1.127 x 10° R, = om Rey = 3.86 x 10° 
mick = 1382 


From Fig. B-1l 
4, = 0-14 


Then from Eq. (B9) 


S 


b) For the inlet side walls set at 66 degrees there are: 


0.12 


— ¥ O = tt 
Xs = 71.55 D, = 2.24 
Rey = 1.136 x op oS (Phy Rey = 3.77 x 10° 
Cc 
AXK = 134° 


From Fig. B-1l 


aa = 0.13 


Then from Eq. (B9) 


4 =0.115 


4. Ainley and Mathieson suggest a formula for the Secondary loss as 
a function of the linet and exit areas of the blade row. 4 The sec- 
ondary loss coefficient Y, is defined by Eq. (B10). 


C2) cos* « 
Ys = > ; a 


te! COS? XK. sad 


5) 6) 


S 
C, S07 Be (tan oe ae) COS Keo 





(B11) 
2. 
>) = 8 (Av%,) 
Y ee jnner diame ter 
outer diameter (B12) 


» is obtained from Fig. B-2 which has been reproduced from Ainley 


and Mathieson. |? 


A 
oo = 3.46 cos 70° = 1.284 
A 
—_— = 3961 cos 62° = 1.692 
A 
(==)? = 0.57 
1 


The diameter ratio in the denominator of Eq. (B12) was taken as 
unity. Then A = O.11 from Fig. B-2. 


a) For the inlet side walls set at 66 degrees there are 
Xo 


= - 70.8 


67.21° Xoo = =i 7° 


From Eq. (B10) 


a = 0.144 


b) For the inlet side walls set at 62 degrees there are: 


Oy = 62.839 O57 -34.22° 


x 2 = ~71.55° 


From Eq. (B10) 


Vo snes 


15ainley, Op Citi bieeny 
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TABLE B-I 
Comparison of Predicted and 


Experimental Loss Coefficients 


Formula Sidewall Loss Predicted Experimental 
Angle Coefficient Value Value 
/ 
Markov 66.0 pe 0.0262 0.030 
(B1) p 
62.0 Ss 0.0206 0.020 
Vavra 66.0 Y 0. 308 Ona 2 
(B5) 
62.0 Y 0.286 0.097 
/ 
Vavra = 132° g 0.196 0.102) to 020 3 
(B8) 
Soderberg 66.0 Zz QO. 120 0.106 
(B9) 
62.0 & 0.115 0.095 
Ainley 66.0 Ys 0.144 O09 
(B10) 
62.0 M4 0.136 07025 
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